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ABSTRACT 
The recent Ei7r.m r detectioli of the globular cluster (GC) 4'7 Tucanat. high- 
liglitecl tllc iiilportallce of i~iodeling collective gamnia-ray elnission of lilillisccond 
pulsars (IISPs) in GCs. Steadv flux from such populations is also expected in the 
very high energy (VHE) doniaiii covered by gro~lnd-based Clierenkov tc.lescopcs. 
\I7c present pulscd cllrvature radiation (CR) as ~ w l l  as ~mpulsed inverse Coiiiptoil 
(IC) calculations for an cilsenible of hISPs in tlie GCs 47 T~~canae  slid Terzaii 5. 
\Ire dei~iorlstrate that tlie CR fro111 t h e  GCs sliollld be easily cletectal~le for 
F~rrn? ,  while constraints 011 the total riurnber of LISPS and the nebular B-field 
nlay be derived using tlie IC flux components. 
I C ~ ~ b ~ e c t  heudzngs: gainrna rays: theory - globular clusters: individual (47 TLI- 
canae. Terzaii 5) - pulsars: general - racliatioil nlecllanisills: non-tliernial 
1. Introduction 
Tlle launch of E'trmz Garnmu-ray Space Telescope (F~rrnz )  on I1 June 2008 l~eraldetl 
a new era for high-energy (HE) Gamma-ray Astronomy. The Large Area Tclrscope (LAT) 
aboard Fe7-rn~ (Atu-ood et al. 2009) is N 2.5 tiilles mole sensitive t h a ~ i  ts predecessor, the 
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Energ~tlc Gamnju Ray E~p~rzmen t  Telescope (EGRET). Recently. Fer~nz anourit ed tlie de- 
tection of the globular cll~stcr iGC) -17 Tr~canac as a bright, point source (Ahdo et al. 2009). 
Tliis enlissioil rnay plausiblj. be clue to tllc large mlniber of illillisecoild pulsars (LISPS) 
rcsitli~lg in this cluster (e.g. Harding, Usov. & AI~sli~llov 2005, hereafter HUlI05). 
GCs are f~lrthermore possible sollrces of very high energy (VHE) galllrlia rays (B~dnarek 
8i Sitarek 2007, liereafter. BS07). and are / will be important targets for gromld-based 
C~herenliov telescopcs sucli as tlle Hzgh Encrqg Stcreoscop~c Systern (H.E.S.S. - iZl~aroniall 
et al. 2006) as well as future telescopcs sucli as tlle Cher.enkou Telcscopr- Array JCT,il)' and 
thc Adunnced Garnrnu-l-cly Irnngfng S!ystcm (-AGIS)2. 
\.'enter Jk dc .Jagpr (2008a) modeled the collective c~~rva ture  adiation (CR) expected 
froill 37 T~~canae ,  demonstratillg tliat this pulscd coinponerlt should 1)e detected by Ferml, 
ctepencling oil the number of visil->le ganlnla-ray pulsars ill tlle GC AISP population, A;, (see 
52). Veiiter & de Jagcr (2008b) extended these results by modcling the ~lnpl~lsed illverse 
Colllpt,orl (IC) aild synchrotron radiation JSR) f l~m colllponelits expected due to the interac- 
tion of HE electroas, ejected froin LISP nlngnetospheres, wit11 the aii~biellt cosnlic microwave 
backgrourid (CAIB) aiid bright starlight photons, in the presence of a ~ieblllar ~nagnetic fielcl 
n. 
I11 this Letter, n-e give updated CR spectra ($3.  see \'~iiter k de Jager (2009) for details), 
ill addition to f~~r t l ler  IC calclllations ($4). for 47 Tllcanae slid also Terzarl 5. anotllcr GC 
containing many LISPS (52). Tlle roles of Ffrrnz. H. E.S.S.. ancl CTA for deriving ~llodel 
constraints are discussed in 55. 
2. Globular Cluster hfillisecond Pulsars 
GCs are very old galactic sub-structures. nritli evolved stellar conlposition. ,4s a con- 
sequence. they are likely to harbor a larger tliaii usual density of end products of stellar 
evolution - coilipact objects. This is supported by observations of X-ray binary systems 
and JISP p3opulations in GCs. Since the discovery of the first GC LISP in 1128 (Lyne et al. 
19S7). a total of 130 pulsars llwe becn discovered in 26 GCs (Freirc 2009). with 90% haviilg 
periods P < 20 111s (Ransoin 2008). 
,Anlong tlw GCs. 47 Tucaaae and Terzan 5 stand out by the iiunil~er of radio-cletected 
AISPs they host: 23 and 33 respectivelv (Ransol~l 2008). Ho~vever. these GCs are otlier- 
wise rcniarkable for different reasons. 47 Tucanac is oiie of tlie nlost niassive GCs. after 
-1 Centauri. while the core density of Terzan 3 gives it the liighest expected rate of 1)iriary 
interactioils (Pooley k HLI~  2006). Basic properties for tlnese two objects are suniniari~ed in 
Table 1. 
Besides pulscd emission, detected already in radio, X-rays. and gr-uiima rays. 1ISPs are 
also expected to  produce steady lo~v-flllx VHE emission. Giveii the sensitivity of current 
instruments, it is likely tliat only a poplilatioil of such objects \\-auld produce detectable 
ITHE fluxes (54). The extension of the cores of tlic GCs is f~irtliern~ore clearly below the 
angular resolution of current HE aiid VHE instruniellts. In this Lett,er n-c are therefore 
not coiiceriled about iriclividual LISP fluxes. but attcrnpt to coilstrain a pdrticular class of 
polar cap (PC) puliar niodels llsilig the total flux from a GC SllSP ensenible. This approach 
reduces uncertainties ill the CR and IC fluxes due to ulikirown pulsar geonietrics, as the 
relative uncertainties in ensenible-averaged fluxes, which scale as the reciprocal of the square 
root of tlie iluliiber of LISPS (Venter & de Jager 2008a). are tvpically one order of iliagnitllde 
smaller (for N 100 IISPs) tliari for the case of single LISP .geonletrsr-averaged' flllxes. 
Ari ilnportant issue ill the context of this work is the uncertainty on the size of the 
LISP population in eadl system, beyolid tlie radio-detected ones. LVe dillstiiiguish bettveen 
two nuinl-xrs. We defille the n~imher of visible gamma-raq pulsars (i\-,,) as those LISPS 
whose CR is (mostly) beanled tom-arc1 earth, so that observers \\-ill in principle be able to  
rlieasllre pulsed ririissioii froni these (although it might not always he possible to distinguish 
individual rl~en~bers due to  experimental liinitatioiis) . In contrast. ,i\;, represents the total 
lllliiiber of hISPs in the GC, m-hetlier visil~le in pulscd galnrlia rays or not. 
Llostly off-axis pulsars nlight still corltribllte to the total CR flux, as observers niay be 
clipping the faint edges of gamrna-ray beains froni these pulsars. TT'e therefore iilclucle thelll 
in along with the on-beam LISPS. HUSI05 noted t1i;tt galnilla-ray beailis of 1ISPs are 
~>robat>ly wider than their radio beanis, so L?;, is probably larger when applied to gamlna-ray 
pulsars (as  cioue here) tllail n-hen applicld to radio ones, possibly up to N,, cz Tlle IC 
flux howevcr dclpends 011 A:,. as all pulsars. ilicludiiig ones with off-bean1 geometries. are 
expected to contribute VHE leptons (mostly electrons. as nlost AISPs are heliel-ed to be pair 
production s ta r~ed :  see HUSIO5) n-hich upscatter soft photons to gamizia-ray energies. 
Tlle isolated locatioll of 47 Tucaiiae in tlie Southern sky an-ay froni the Galactic Plane 
nlade it a prillle target for GC' studies. In ratlio, LlcCounell et al. (2001) estiiui~ted fro111 
the unresolx-ed clnis\ioii a maxinlulli of 30 t1etectal)lc 1ISPs. 111 S-la\-. Chnndrn obsera-ations 
revealed 2 lalge n~miber of uliidentified sources in tllc core of -17 Tucanae (Heinke et a1. 
2005), frolli 1%-hich follotved it11 upper liiilit of about GO JISPs. based 011 the X - r q  properties 
of radio-confirrncd SISPs in the GC. 
For Terzan 5, the availczl~le obscrl-ations are not so constraining. Again in the radio. 
Fr udlter Si Goss (2000) cst i inat~d a range of 60 - 200 1ISPs in the core of the GC. froin L'ery 
Lnrgr Array (I 'LA) and Australzn Telescope Compact i l r ~ n y  (ilTCA) data. No ecluixralcnt 
res~llt has yet beell derived ill X-rays. Tlle analysis of Chandra data by Heinke et a1. (2006) 
yieldcct X-ray sources. but with too high a sensitivity limit to constrail1 the LISP population. 
Finally, for both systenls, GC evolutioil li~odels (e.g. Ivanova. Hcinke. & Rasio 2008) 
suggest LISP inull~bers below 200. of svllich a fraction mould be detectable. 
3. Pulsed Gamma-ray Flux 
As previously (\'enter 8z de Jager 2008a). sve use an isolated pulsar PC inodel (Venter 
& de Jager 2005), including tlic effect of General Relativistic (GR) frame dragging (e.g. 
;Ill~slimov &L Harding 1997: Hardilig 8~ ?~fusliniov 1998). In accordance miit11 the exp~ctation 
that liiost 51SPs are inefficiently screelied bj- CR and IC scattering pairs (HUL105), we use 
an ~znscreeaed acceleration potential. JVe f~~rthernlorc use tlie same population of LlSPs: P- 
values (period-derivatives) from Bogdariov et al. (2006), which iillply an average spin-cloxvn 
luminosit~ of E,,,, = 2.2 x lO<'%cl:g s-I, as well as caiioiiical values for ecjuntion of state (EOS) 
~~aranieters (inonlent of inertia Is:, = 0.4-llRL. stellar radius R = 105111, and pulsar inass 
,I1 = 1.41213). As previously, Tve add the CR spectra of ~il;,,, = 100 LISPS. randomly selected 
fi-on1 our popl~lation of 13 members (each wit11 a random pulsar geometry. i.e. rnagnetic 
illclinatioll aiid oljscrx-er angle. inchtdilig off-bean1 cases) iteratively a nlillioil times. and so 
obtain a11 average pulsed spectrum, with 20-bands indicating the lmcertainty due to varying 
P and p-m111c.s. as well as the u~lknosvii pulsar geometries. 
Ventter k de Jager (2008a) used a delta f~~nc t ion  approsilllatioil for the CR spectrum 
radiated per primary. but the resr~lting spectral shape did not correspond well to  result3 of 
siiiiilar studies (e.g. Frackom-iak Si Rudak 2005). as pointed out 13y Dpks (2008, persoaal coni- 
niuuication). JVe therefore dex-eloped a corrective tecliiiique inr~olving the full CR spectrluu 
per priiilary j\7c>ilter k de Jagcr 2009), a1ic-i applied it Ilere. 
Assmiling tlliit the SISPs in Terzali 5 have sirliilar basic pulsar parailleters than those in 
17 T~zcaii;le, we scixled tlic c u i ~ ~ u l ~ ~ t i v e  CR spectrmii of the latter to distances of d = 3.5 kpc 
and 8.'; 1il)c.. Tlle r ~ s ~ l t i i l g  lpdntcd CR spectra fc~r 47 Tucanae and Terzan 5 are shon-11 in 
pancls ( a )  and (13'1 of Figure 1. 
4. Unpulsed Gamma-ray Flux 
14% calculate the ejection spectillln of clectroils leat~irig each JISP 1)y binnii~g the 11~1111- 
her of prilnarq- electrons ejectc3cl per unit time according to tlieir resid11al energies at the 
l ~ y h f  ryhndtl :  We itdd the spectra of LYt,t = 100 LISPS (~vith ra~ldol i~  rlclinntion angles) 
and iterate the l l o l~ t e  Carlo procedure a illillioil times. Froill this we obtain a11 average 
cumulatit~e ejection particle spectru~n and 20-hands (i'enter 2008). 
J'e divide the region where unpnlsed radiation is generated into two zones: 20 .  reaclliilg 
fronl r = 0 to ?- = re, with re the core radius. and 21, reaching frolii r = r, to r = I-kin,. 
with rl,,, the half illass ratiius (see Table 1). For 47 T ~ ~ c ; ~ n a e .  wc used enprgy dcilsities of 
li:ad N 3 000 eIr,'ci11' for ZO. a i d  I I ~ , ~  - 100 eV/c~i i .~  for Z l  for the starliglit con~poneilt, 
assulniilg a teniperature of T = 4 500 K (more details iilay be follnd ill Venter k cde Jager 
2008b). Tliese beconle u : , ~  10011 eV/cm3 a i ~ I  u ~ ~ , ~ ~  - 40 eV/cm"c,r Terzan 5 (note that 
tlie energy densities. and therefore the IC .bunips" associated with tlie ~~pscattcring of stellar 
pllotons. are linearly dependent 011 the assunled total stellar luminositj- - see Table 1). For 
t l ~ c  GLIB compon~rit, WP use u c a r ~  - 0.27 c V / ~ m " ~  (for T = 2.76 K). 
JYe next calclilate the steatly-state mjectzon electron spectrxun for each zone by multi- 
plying the cu l i i~~ l a t i~c  ejc tioii spectrum by an effective tinie-scale which iilcorporates both 
radiation losses and particle escape. We modeled the latter (i.c. trapping of particles by the 
nebular field) assuming Bollirl diffilsion. The ir~jection spectra were calculated for nebl~lar 
fields of B = IpG and B = 10pG (BS07). Using these results, m-e obtained the expected 
~mpulsid IC flux for each GC (see Figure 1). JVllile the lower-energy SR spectra are not dis- 
cl~ssecl here, TVP do include SR losses in the calclilatioll of the steady-state injection particle 
spectr~un (sre Venter &L de Jager 20081)). 
5. Discussion and Conclusions 
\Ve have lliodeled tlie HE culct VHE col~lpo~ielits of CR alid IC flux expected froin a 
population of LlSPs in tlie GCs 47 Tucanat. and Terzaii 5. for 100 illenlhers (Figure 1). For 
illustr~~tiou, nTe assuilie that all ALSPs are visible (i.e. xi, = = 100). Ho~~-ever. the CR 
spectra are liiiearljr depeadent on -\1,,, n-hile the IC spectra are linearly depe~ldeilt 011 ,YtOt. 
Fc.i,mr 1 ~ s  rect>ntlv rcleased a list of Ix i~l l t  sources i > 100. Xhclo et al. 2009). illcluclirlg 
~ l e l i t i l i l l ~~~r .  flllxeb of 47 Tuca~iae of (3.1 rt2.0) r lo-' ci1ir3s-' and 15.65 1.0) x 10F' c i ~ l - ~ s - ~  
for elicrgy l~ancls l~aiinilig 100 1IeV - 1 Gel7 alld 1 GelT - 100 Gel7 r~spectiv~ly.  Our ~~verage 
C'R spectr~ull is ovcrpredicting these fll~scs 1.1~- factors of - 2 anct - 7.  Hon-el-cr. the pl~lsecl 
sycctrunl 111~1y quite ~ea,ionably he scalcd to -I;,, = ijO (as suggested 13~7 ol~sc>rt-ations). Also. 
extr;xpolating froill obserx-ed trends ill single LISP spectra. one may speculate that it is 
possi1)le that tllc cut-off energy may be snlallex d ~ l c  to uncertainties i11 EOS param~ters,  
tlio electric potential. magnetosplicric struct use, and pulsar geoinetry. For instance. taking 
IYL,, = 50. nilcl lialving all CR spectral ~iiergies (i.e. shifting tlie CR spectrunr to the left by 
a factor of 2). the iliodel pretlictioiis iiiiprove to - 0.5 aiicl 1.7 tilnes thc. Ft~rrnz flux in 
these hands. 
Our ensemble-axreraged CR spectrum. res~lltirig fro111 10%iiigle AISP spectra (i.e. 10" 
100-mernber cuinulative spectra) with typical spectral cut-offs aroluid a few GGe ((generally 
depending oil the inclivid~lnl LISP's P, P .  EOS. and peonletry). exhibits a broad peak arou11cl 
- 3 GeV. This axrcrage spectral cut-off energy follows tlirectly from the assuiiled acceleration 
potciltial ulld B-field geonietry of the PC model under consideration. as well as the fact 
that w-e sinlulate a rantloni selection from the P - P parameter space for. C4C LISPS (similar 
to HUM05). and with differelit geoiiletries. Given tlie fact that our CR spectrum seems 
to be reasonably sl~ccessfi~l at reproducing the prelinlinary Ft.rrrrz data, we expect that the 
predicted cut-off energy must be c lo~c  to the real one. This iiriplies that the average illode1 
acceleri~tioii potential i n ~ s t  1 1 ~  of the right ordcr of nlagnitude, assuiniag dipolar B-fields. A 
illore detailed s t~ ldp  im~olx~ing further model and parairieter spact coristraillts will have to  
await further Perm z spectral results. 
M'e ini-licate EGRET upper limits (LLs) from Ficrro et al. (1995) on Figure l a ,  and from 
SIichelson et al. (1993) on Figure Ib, coil\-erted assuniing an spectrum. Interestingly, 
the 100 MeV UL is closc to the F e r m ~  sensitivity for 47 T ~ ~ t a n a e .  The EGRET UL for 
Tcrzan 5 is not very constraining. and iinplies !I;,, < 363 for cl = 5.5 kpc. and LITv,, < 907 
for iJ  = 8.7 kpc (nsing tlle average znteyral CR spectrum). 
As a reference. we have also included a C'R prediction from HU1105, scaled to XI, = 100. 
in Figure 1. HUlll05 noted tliat the collective radiation froin MSPs in GCs nlay be visible for 
Fel-rnz. and proceeded to apply their ui~screciiecl GR franie-dragging PC inode1 to the AISPs 
in 47 Tucanae. The\, estimated the C'R flux above 100 MeV from 47 T ~ ~ c a n a e  by iiitegratiiig 
aloiig a single magnetospliesic B-field liiie. ilornialising to a (consrrvative) solid angle of 1 sr 
per PC. and scaling by the standard Goldreicll-Julian PC c~ureiit. This approach, which \$-as 
follon-ed to circ~unvent fill1 3D nlodeling, nlay be regalded as yielding a tlieoretical upper 
liniit, given that different pulsar geonietries (especially off-beau1 ones) 1l:tx~e not expicitlj- 
heen taken into account as done licre, thus significniltly esceediilg our results at 100 Ale'\'. 
Predictious fro111 BSOT focused on tlie possibility that HE leptons. xvllich ni+- 11e nc- 
ccierated inside LISP nlagiietospheres ;~iid / or reacc~lcrated at collidiilg p ~ ~ l s a r  iilld stt'llar 
m-iiid s l i~ckh~  gradnalljr diffuse tliro~~gll t ie GC and upwatter ClLB and soft stellar photolls 
to  produce an unyulsetl coiilpoiieilt in the Gelr Tt2V eiiexq halid. BS07 assunlrcl that 1';: 
of tlie spin-don~rl power j~l-it11 tlie populatioll average tnkcn as E, , ,~  - 1.2 x 10.'' ergsp1) is 
ii1,jected in relativistic leptons. In the abscuce of det;tiled nlodel predictions. they aismned 
power-lax i~ijectio~i spcictra (tj-pica1 for sllock acceleration) with various low and high-energj- 
cnt-offs and spectral indiccls. and iiorlnalized thcse using the assu~lied dveragc JISP spin- 
do\\-n povier and coiive~sion efficiency. Representative resulting IC spectra. linearlv scaled 
t o  our populatioil-averagc spin-down lnniinosity of Got = 2.2 x 10"' e r g s 1 ,  are sliowli iri 
Figure 1. O l ~ r  IC preclictions. obtained by coasrrvatively assumiilg no reacceleratioli of elec- 
trolls. rough1:- agree with those of BS07 arol~ild a few TeV. but deviate at otller energies due 
to  cliffercrit injection spectra, as tvell as slightly differelit assumptions regarding the energy 
deniity of 5tellar pliotolls in the GCs (compare our two-zone approach \\-it11 BS07's energy 
density profile given in their Figure 1). 
Constraiilts on as well as B may be dcrived fro111 olx model. using tlie predicted 
IC flux and assuming uon-detection above 1 TeI' at the level of 1% and O. l ' / c  of the Crab 
flux, as achicvahle hy H.E.S.S. and CT.4, respectively. As s l i o ~ ~ n  in Figure 2, regions of the 
B - !VtOt parallietcr space col~ld he exclt~ded from VHE ULs. e.g. choosillg B = 10pG for 
47 T~~canae .  the H. E.S.S. UL corlstrailis tlie total nuinber of 1\TSPs to  < 33 (and < 3 for 
CT4). Terzan 5 is less constrained (these lilnits becollie < 141 and < 1-2 for d = 5.5 kpc. 
and < 353 and < 35 at d = 8.7 kpc). For sliiall B, particle escape is greater (and IC flux is 
lorn-er), so that tlie collstraillts are less severe. This is also true for large B, where higher SR 
losses lead to iriliibited IC flux. Furthennore. taking reacceleratioii of VHE electrons illto 
account would increase SR and IC fluxes, implpilig Illore stringelit constraints on >YtOt and 
B in tlie case of a lion-detcction. 
Tlie B - ATtot constrt~ints are howes~er deperlclent on the clioice of <liff~~siorl coefficieiit 
(a  larger coefficient would result in enhanced particle escape and tllus lower IC flux). It 
is tlius possible to inr-ert the arguiiielit and obtain constraints on tlie diffusion coefficient 
in the absence of reacceleratioii, using f~lture VHE liniits and assunling reasonable valucs 
for ;Vt,, and B. To tliis cnd. a coinbination of Fern22 data ancl llonte Carlo nlodeliiig 
may help colistrai~i ,Y, , a i d  ,Y1 , anc3 thus -YtOt. Also, ilieasureiilellts of tlle predicted 
diffuse ultraviolet SR ( i rn ter  k de Jager 200811) and unpulsed diffuse galnnla-rt-t-tv IC spectra 
nlay f~lrther coilstrail1 the lepton ilijectioii spectruni as well as B. Lastly. if B is large 
enough (2 20~1G) so that cliff~lsion losses are ullilliportailt relative to SR losscs. particle 
reacceleration in the GC may lje studied u-ithout hnlring the concern of the latter being 
11it-tslied 113- energy-dependent difh~sion. 
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Table 1. Sclectcd Globular Cluster Characteristics 
-- 
-- 
47 Tucanae Reference Terzan 5 Rcfereilcc 
Distance d (kpc) 4.0 1 5.5 - 8.7 2. 3 
L I ~ I ~ S  (~1;)  1.0 x lo6 4 3.5 x lo5 5 
Core radius r, (arcnlin) 0.40 G 0.18 G 
Half inass radius rl,,,, (arcmin) 2.79 6 0.83 G 
D~tec ted  radio LISPS 23 7 33 7 
Total stellar 1unliaosit~- (L,) 7.5 x 10" 8 1.5 x 10j 8 
References. - (I) l/lcI.aughlin et al. (2006): (2) Ortolaiii et al. (2007): (3)  Collll 
et al. (2002): (4) AlcLaughliii & \.'a11 der Marel (2005); (5) Ivanos-a, Heinke. & Rasio 
(2008): (6) Castellmi (2009), extrrlded from Harris (1996): (7) Freire (2009); (t i)  
BS07. 
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Fig. 1.- Differrlltictl CR nilil IC' sppctra for 47 T~icanae ( la )  a i d  Terzan 5 i 113). The top 
IC' spri tl a are for a ilcbnlnr field B = 10 jiG. ivhile the bottom oilcis ~ ~ r c  for B = 1 j1G. Dark 
g rq-  l i i l~s  iiiclicatr Fe rmi (Atn-ood et iil. 2009) am1 H.E.S.S. (Hilltoil 2004) selisitivities 
(nl~propliate for each GC). Arroih-s reprcsint EGRET iipper limits. In ( la ) .  at. iildiciitr 
a scaled picdictioil froill HVlfO.5. as ~ c l l  as 2cr-bands (liglit gray bands) d11e to oiihiion~ii 
pulsar geometry (the hottoill C'R one stops ivliere 2ir excrrils tllc lneaii v,~li~e). For both 
paiiels. we show preriictions froill US07 (scaled to ail average spin-do~vii lunliiiosity of E,,, = 
2.2 x 10" erg s-I). 111 ( lb ) .  solid lines are for d = 5.3 kpc and dot-dalied oilcs for d = 8.7 kpc 
(20-bands iiot sliown) . 
5 10 15 20 25 30 35 40 45 50 
Nebular B-field (pG) 
Fig. 2 .  C'onstlaints on t l i ~  total innlibi.r of 1ISPs .\-tc,, and ilsl:,lilar nidgnrtir field B. 
Panel (28) is for 4'7 Tocniiae. (211) for Teizan 5. The dx l i  gray indicatc iegioli5 esclialod 
b ~ -  a H. E.S.S. iinn-iletection. I\-hile liglit iplris dnrlii gray iegioils are exclr~ilecl by a C7-1 
noil-cletrctioii (be? text for iletails). Ill panel (213). tlie solid liilrs air  for il = 5.5 kpc. ,xiid 
dnhll~d lilies for d = 8.7 kpc. Tlle tliick horizontal liiles ilidiinte the niiinbcr of curreiitly 
cletected radio LISPS (see Table 1). 
